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Preface 
This PhD thesis, entitled “Enhancing biogas production from recalcitrant 
lignocellulosic residues”, comprises the research carried out at the 
Department of Environmental Engineering, Technical University of Denmark 
from December 01, 2013 to November 30, 2016. Professor Irini Angelidaki 
and researcher Panagiotis Kougias were supervisor and co-supervisor, 
respectively. 
The thesis is organized in two parts: the first part puts into context the 
findings of the PhD in an introductive review; the second part consists of the 
papers listed below. These will be referred to in the text by their paper 
number written with the Roman numerals I-VIII. 
 
I Tsapekos, P., Kougias, P.G., Angelidaki, I., 2015. Biogas production 
from ensiled meadow grass; effect of mechanical pretreatments and rapid 
determination of substrate biodegradability via physicochemical methods. 
Bioresource Technology 182, 329–335. 
 
II Tsapekos, P., Kougias, P.G., Angelidaki, I., 2015. Anaerobic Mono- and 
Co-digestion of Mechanically Pretreated Meadow Grass for Biogas 
Production. Energy & Fuels 29, 4005–4010. 
 
III Tsapekos, P., Kougias, P.G., Frison, A., Raga, R., Angelidaki, I., 2016. 
Improving methane production from digested manure biofibers by 
mechanical and thermal alkaline pretreatment. Bioresource Technology 
216, 545–552.  
 
IV Tsapekos, P., Kougias, P.G., Treu, L., Campanaro, S., Angelidaki. I., 
2017. Process performance and comparative metagenomic analysis during 
co-digestion of manure and lignocellulosic biomass for biogas 
production. Applied Energy 185, 126–135.  
 
V Tsapekos, P., Kougias, P.G., Larsen, U., Pedersen, J., Trénel, P., 
Angelidaki. I., Mechanical pretreatment at harvesting increases the 
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bioenergy output from marginal land grasses. Submitted to Renewable 
Energy. September 06, 2016 
 
VI Tsapekos, P., Kougias, P.G., Larsen, U., Pedersen, J., Trénel, P., 
Angelidaki. I., 2016. Improving the energy balance of grass-based 
anaerobic digestion through combined harvesting and pretreatment. 
Anaerobe. doi: org/10.1016/j.anaerobe.2016.12.00505 
 
VII Tsapekos, P., Kougias, P.G., Vasileiou, S.A., Lyberatos, G., and 
Angelidaki. I., 2017. Effect of microaeration and inoculum type on the 
biodegradation of lignocellulosic substrate. Bioresource Technology 225, 
246–253. 
 
VIII Tsapekos, P., Kougias, P.G., Vasileiou, S.A., Treu, L., Campanaro, S., 
Lyberatos, G., and Angelidaki. I., Bioaugmentation with hydrolytic 
microbes to improve the anaerobic biodegradability of lignocellulosic 
agricultural residues. Submitted to Water Research. December 02, 2016 
 
In addition, the following publications, not included in this thesis, were also 
concluded during this PhD study: 
Kougias, P.G., Campanaro, S., Treu, L., Tsapekos, P., Angelidaki, I., Behind 
the mechanism of lignocellulosic degradation in anaerobic digestion as 
revealed by genome-centric metagenomics. Manuscript. 2016 
Awais, M., Alvarado-Morales, M., Tsapekos, P., Gulfraz, M., Angelidaki, I., 
2016. Methane production and kinetic modeling for co-digestion of manure 
with lignocellulosic residues. Energy & Fuels 30, 10516–10523. 
Morales, A.-M., Tsapekos, P., Awais, M., Gulfraz, M., Angelidaki, I., 2016. 
TiO2/UV based photocatalytic pretreatment of wheat straw for biogas 
production. Anaerobe. doi: 10.1016/j.anaerobe.2016.11.002. 
In this online version of the thesis, paper I-VIII are not included but can be 
obtained from electronic article databases e.g. via www.orbit.dtu.dk or on 
request from DTU Environment, Technical University of Denmark, 
Miljoevej, Building 113, 2800 Kgs. Lyngby, Denmark, info@env.dtu.dk. 
  
iii 
Acknowledgements 
This PhD thesis was conducted under the supervision of Professor Irini 
Angelidaki and the co-supervision of researcher Panagiotis Kougias, both of 
whom I wish to thank first. I would like to thank my supervisor for her 
guidance during these three years and offered me greatest freedom and 
unlimited inspirations on the scientific field. Likewise, I thank Panos who I 
collaborated extensively with, for inspiring and guiding me when needed, for 
his supervision and support. Also, for giving me extra responsibilities and 
trusting me with various tasks that have added another dimension to my PhD 
project. 
Great thanks are extended to Alessandro Frison, Aristotelis Vasileiou, Laura 
Treu, Stefano Campanaro and Merlin Alvarado-Morales for working 
together. I wish to express my gratitude to the project partners from 
Kverneland and AgroTech for a nice collaboration. Hector and Hector thank 
you for the technical assistance during the experiments. 
I wish to give thanks to all of the officemates that I met in room 072 and to 
Yifeng Zhang for the accompanying in the same office during the last two 
years. Dear colleagues and members of Bioenergy group thanks for assisting 
me working in the laboratory. 
Last but not least; I want to thank my whole family in Greece for all their 
support and understanding. Additionally, I would like to thank my friends for 
the well-being in Copenhagen and those who persuaded me to start the PhD 
journey. Special thanks are going to Eirini; thank you for daily understanding 
and supporting.  
This PhD thesis is dedicated to everybody who helped me and has been by 
my side all over these three years.  
iv 
Summary 
Lignocellulosic substrates are abundant in agricultural areas around the world 
and lately, are utilized for biogas production in full-scale anaerobic digesters. 
However, the anaerobic digestion (AD) of these substrates is associated with 
specific difficulties due to their recalcitrant nature which protects them from 
enzymatic attack. Hence, the main purpose of this work was to define diverse 
ways to improve the performance of AD systems using these unconventional 
biomasses. Thus, mechanical and thermal alkaline pretreatments, 
microaeration and bioaugmentation with hydrolytic microbes were examined. 
The studied substrates were fresh and ensiled meadow grass, regularly 
cultivated ensiled grass, digested manure fibers and wheat straw. 
AD of lignocellulosic substrates is time demanding and an extended 
incubation period is often needed. Initially, diverse analytical methods were 
used (i.e. electrical conductivity, soluble chemical oxygen demand and 
enzymatic hydrolysis) as a rapid way to predict the methane production. 
However, the precision of methane yield prediction was not high (R2 < 0.68) 
and thus, the biochemical methane potential (BMP) test is concluded to be 
the most precise method to estimate the biomethanation process. 
Various mechanical pretreatments were examined on ensiled meadow grass 
biodegradability by applying shearing forces. Preliminary results showed that 
the methane production of ensiled meadow grass can be efficiently increased 
up to 25% compared to untreated samples. Hence, the most efficient method 
was further applied on the same substrate, focusing on different age of 
vegetation under mono- and co-digestion with livestock manures (i.e. poultry, 
mink and cattle manure). The differences on biomass’ chemical composition 
were also determined in order to demonstrate the effect of vegetation stage. 
Clear alterations were revealed due to late harvest time and specifically, the 
lignin content was markedly augmented (∼30% of dry matter) with advancing 
age, implying the need of pretreatment. Mechanically pretreated biomass of 
increased maturity was co-digested with diverse livestock manures in order to 
define the optimum silage/manure ratio in the feedstock. Results showed that 
the ideal lignocellulose/manure contribution differs among the examined 
substrates and that the chemical characteristics of the feedstock mixture 
significantly influenced the biomethanation process. 
The application of shearing forces was also examined on the hardly 
degradable fraction of digested manure fibers. However, limited efficacy was 
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observed on biomethanation and the remaining volatile solids (VS) were not 
highly utilized. Conversely, the well-studied thermal alkaline pretreatments 
using sodium hydroxide as a catalyst promoted the yield from approximately 
42 mLCH4/gVS to 170 mLCH4/gVS. Furthermore, the positive results were 
validated in the co-digestion of biofibers with cattle manure under continuous 
mode operation. Mechanical and thermal alkaline pretreatment (6% NaOH at 
55 °C for 24 h) had an effect of 7% and 26% respectively, without provoking 
process inhibition. 
Focusing on full-scale practices, the application of simple and efficient 
treatment methods is generally suggested. Accordingly, the reduction of 
supply chain steps prior to AD could eventually improve the energy budget 
and subsequently, process profitability. Hence, the integration of mechanical 
pretreatment at harvesting step was examined as a solution to scale-up the 
used mechanical method in real-life applications. On this topic, an innovative 
Disc-mower (named as Excoriator) was studied in order to simultaneously 
harvest and pretreat fresh meadow grass through the application of shearing 
forces. Kinetic studies showed that the lag phase was decreased, the methane 
production rate was increased and finally, the methane yield was significantly 
enhanced by up to 27% under optimal conditions. Further investigations on 
full-scale experiments mowing regularly cultivated grass confirmed the 
positive effect due to the selection of the most appropriate harvester. The 
modern harvester poses the ability improve the energy balance and 
subsequently, the sustainability of lignocellulose-based AD. 
The co-digestion of pig manure and lignocellulosic silage was assessed in 
continuous stirred tank reactors (CSTR). Addition of mechanically pretreated 
silage in the feedstock positively affected the methane yield (+16%) and in 
parallel, reduced the risk of ammonia inhibition compared to mono-digestion 
of pig manure. Furthermore, metagenomic analysis was performed to 
determine differences among the microbial communities in CSTRs operating 
under mono- and co-digestion. Species similar to Clostridium thermocellum, 
with increased cellulolytic activity, were detected to be adherent to the solid 
fraction of digested feedstock and concluded to be key players for 
lignocellulose’s disintegration. 
Moreover, various microaeration strategies were applied in order to elucidate 
the effect of oxygen load (O2), pulse repeatability and treatment period on the 
AD of wheat straw. The results obtained from this study demonstrated a 7.2% 
increase in methane yield after a 3 days microaeration period, using 5 mL 
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O2/gVS served by once. In addition, an optimisation study was conducted and 
the analysis indicated that the methane yield could have been increased by 
9%, if 7.3 mL O2/gVS were injected. It was indicated that microaeration can 
be an alternative solution for augmented biomass solubilization without 
causing inhibition to the mandatory anaerobic methanogenic community.  
Based on the initial microbial analysis, the bioaugmentation with the 
typically abundant in AD systems C. thermocellum was examined in biogas 
reactors fed with wheat straw. Bioaugmentation with the hydrolytic strain had 
immediately a remarkable result on methane production. Nevertheless, the 
long term monitoring showed that routine bioaugmentation is needed to retain 
a positive effect of approximately 7%. Moreover, it was indicated that the 
bioaugmentation with C. thermocellum can be periodically applied in biogas 
reactors in order to extract the residual methane from the amassing materials 
and avoid potential accumulation. Additionally, the facultative anaerobic 
Melioribacter roseus was inoculated in a replicate CSTR following different 
bioaugmentation strategies, either strictly anaerobic or micro-aerobic 
conditions. Nevertheless, the novel strain did not enhance the biomethanation 
process and the metagenomic analysis revealed that the inoculated strain did 
not adapt in the biogas reactor.  
The results obtained confirm that lignocellulose-based AD can lead to high 
biogas yield. At lab-scale experiments, the bioenergy production can be 
further improved using micro-aeration, bioaugmentation with C. 
thermocellum, thermal-alkaline or mechanical pretreatments. Further insights 
into AD microbiome can improve and optimize the used processes. Among 
the examined pretreatments, only mechanical methods were evaluated in full-
scale operation due to their easiness in application. On this topic, modern 
harvesting technology simulating the process applied in lab-scale could 
generate similar enhancement under full-scale trials. Machineries orientated 
to pretreat biomass using simplified techniques can positively affect the 
industrial applications. 
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Dansk sammenfatning 
Lignocellulosiske substrater til biogasproduktion findes overalt i verden, i form 
af restprodukter fra landbrugshøst, og er på det seneste anvendt i fuldskala-
reaktorer. Her er de særlige udfordringer ved den anaerobe nedbrydning (AN), at 
lignocellulosiske substraters komplekse struktur beskytter dem mod ”enzymatisk 
angreb”. Afhandlingens hovedformål har således været at finde alternative forbe-
handlingsmetoder til at forbedre AN af lignocellulosisk biomasse. De i projektet 
undersøgte substrater var nyhøstet og ensileret enggræs, kultiveret ensileret græs, 
hvedestrå, ensileret enggræs i samudrådning med gylle. Derudover restfibre fra 
omsat gylle.   
Anaerob nedbrydning af lignocellulosisk biomasse er generelt ekstremt tidskræ-
vende med forlænget inkubationstid. Initialt blev det undersøgt, om man kunne 
anvende hurtigere metoder til at forudsige methan-potentialet for denne type 
biomasse. De tre metoder var hhv. elektrisk konduktivitet, opløseligt kemisk ilt-
behov og enzymatisk hydrolyse. Præcisionen ved disse metoder var ikke høj (R2 
< 0.68), hvorfor BMP (biomechanical methan potential) valgtes som den fore-
trukne metode til at vurdere det potentielle methan-udbytte.  
Forskellige former for mekanisk forbehandling med forskydningskræfter blev 
undersøgt ved nedbrydning af ensileret enggræs. De indledende resultater viste, 
at methan-produktionen effektivt kunne øges op til 25% sammenlignet med ube-
handlet substrat. Af betydning for methan-udbyttet er ligeledes høsttidspunktet, 
med højst ligninindhold i sent høstet enggræs (laveste methan-udbytte). 
Samudrådning af mekanisk forbehandlet modent enggræs med forskellige slags 
gylle (kylling, mink, ko), blev derpå undersøgt (batch) med formål at fastsætte 
optimale blandingsforhold. Ud fra de meget varierende resultater konkluderedes 
’vigtigheden af forudbestemmelse af substraternes kemiske karakteristika’.  
Samme type mekanisk forbehandling forsøgt på svært nedbrydeligt ”omsat gylle-
fibermasse” i batch-eksperimenter havde en begrænset effekt på biogasprodukti-
onen (60 mL CH4/gVS). Derimod gav termisk alkalisk forbehandling (6% NaOH 
ved 55 °C i 24 timer) et betydeligt forøget udbytte i batch (fra 42 mL CH4/gVS 
til 170 mL CH4/gVS). I kontinuerligt omrørt tank reaktor (CSTR) viste mekanisk 
og termisk alkalisk forbehandling at have lignende effekt, med en øgning i 
methan-produktionen på henholdsvis 7% og 26% (uden at provokere processin-
hibering).  
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Med henblik på udvidelse til daglig applikation i landbruget blev ”integration af 
mekanisk forbehandling under selve høsten” undersøgt i fuldskala: Friskt eng-
græs blev høstet ved hjælp af en Excoriator, som samtidig forbehandlede bio-
massen ved brug af forskydningskræfter. Den kinetiske undersøgelse viste, at 
lagfasen (tiden for opstart af methan-produktionen) blev kortere, methan-
produktionshastigheden større, og endeligt var methan-udbyttet væsentligt højere 
(op til 27 % højere under optimale forhold) i fuldskala biogasreaktor.  
Samudrådning af svinegylle med lignocellulose ensilage blev vurderet i en 
CSTR: Tilsætning af mekanisk forbehandlet ensilage til reaktorens gylleføde-
strøm påvirkede methan-udbyttet positivt (+16%) og reducerede samtidig risiko-
en for ammoniakhæmning, sammenlignet med AN af svinegylle alene (mono-
substrat). Desuden viste metagenomics-analyser, at Clostridium thermocellum 
lignende bakterier, som er kendt for cellulolytisk aktivitet, havde hæftet sig til 
den faste fraktion af den omsatte gylle. Dette kunne tyde på, at de har en central 
rolle for lignocelluloses disintegration. 
Strategier for mikro-iltning blev evalueret for at belyse effekten på AN af hvede-
halm. Hvis udført uden samtidigt at forårsage hæmning af de strengt anaerobe 
methanogene mikroorganismer, kan opnås positive resultater på methan-udbyttet 
(+ 9%). Dette indikerer, at mikroiltning kan være en alternativ vej til effektivitet, 
hvis udført med en vis forsigtighed.  
Baseret på initial mikrobiel analyse, blev to sideløbende forsøg med ’bio-
augmentation’ udført med hhv. den fakultativt anaerobe Melioribacter roseus 
og den typisk tilstedeværendeC. thermocellum. Begge undersøgt i CSTR med 
AN af hvedestrå. Melioribacter roseus blev podet i en, ud fra forskellige bio-
augmentationsstrategier, enten strengt anaerobt eller under mikroaerobe for-
hold. Denne hidtil ukendte bakteriestamme viste sig ikke i stand til at forbed-
re biogasproduktionen, og den metagenomiske analyse afslørede, at den po-
dede stamme ikke tilpassede sig i biogasreaktoren. Til gengæld var den om-
gående forøgelse i methan-produktionen med C. thermocellum bemærkelses-
værdig (+7%), om end målinger over længere tid viste, at rutinemæssig gen-
tagen bioaugmentation er nødvendig for at fastholde den positive effekt.  
Resultaterne fra dette studie viser, at anaerob nedbrydning af lignocellulosi-
ske affaldsprodukter leder til højt biogasudbytte, og at dette kan øges væsent-
ligt ved at applicere mekanisk forbehandling med forskydningskræfter ved 
brug af moderne høstmaskiner. Lovende batchresultater peger på yderligere 
biogasudbytte, med en alkalisk behandling, inden substratet føres til biogas-
reaktoren. Gentagen bioaugmentation med C. thermocellum vil kunne anven-
ix 
des periodisk i biogasanlæg for at trække den resterende methan ud af rest-
biomassen og dermed undgå en potentiel akkumulering. Yderligere indsigt i 
det anaerobe microbiom vil kunne optimere biogasprocessen. Samlet vil de, i 
denne afhandling undersøgte metoder, kunne gøre lignocellulose-baseret bio-
gasproduktion både udbytterigt og bæredygtigt. 
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Abbreviations 
 
AD Anaerobic digestion 
BMP Biochemical methane potential 
CSTR Continuous stirred tank reactors  
DMF Digested manure fibers 
EC Electrical conductivity  
EH Enzymatic hydrolysis 
Ein Energy input 
Eout Energy output 
EU European Union 
g Gram 
Ha Hectare 
HRT Hydraulic retention time 
J Joule 
L Litre 
LCA Life cycle assessment 
LCFA Long chain fatty acids 
sCOD Soluble chemical oxygen demand 
SEM Scanning electron microscopy 
TKN Total Kjeldahl nitrogen 
TS Total solids 
V speed 
VFA Volatile fatty acids 
VS Volatile solids 
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1 Introduction 
1.1 Background 
In 2015, 86% of the global primary energy consumption was originated from 
fossil fuels and specifically, oil, coal and natural gas accounted for 32.9%, 
29.2% and 23.8%, respectively (British Petroleum, 2016). However, the 
dependence on fossil fuels is associated with remarkably adverse impacts, for 
example, increased levels of air pollution, depletion of natural landscapes and 
finally, climate change (IPCC, 2013). 
On the contrary, alternative sources of energy are available and also, more 
environmentally friendly. Hence, the solid growth of renewables is 
considered as an advantageous way to partly replace the extended use of 
fossil fuels. Therefore, renewables accounted for a record 2.8% of world’s 
energy consumption in 2015 (Figure 1). Additionally, European Union (EU) 
intends on achieving 20% share of renewable energy in overall energy 
consumption until 2020, leading to increased share in the forthcoming years. 
Following this concept, the anaerobic digestion (AD) is already roared as 
another sustainable solution to efficiently satisfy the needs of the growing 
humanity with respect to the environment.  
 
Figure 1. Energy consumption from renewable energy sources (i.e. wind, geothermal, 
solar, biomass and waste) during the years 1965-2015. The energy carriers are calculated 
assuming a modern thermal plant with 38% conversion efficiency (British Petroleum, 
2016) (British Petroleum, 2016). 
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The AD process results in methane-rich biogas which is subsequently utilized 
as energy source. Methane can be produced from a huge variety of organic 
residues through AD and especially, industrial wastewater, livestock manure, 
food waste and lignocellulosic residues are the most common substrates 
(Sawatdeenarunat et al., 2015). Among them, lignocellulosic residues pose 
some unique characteristics that can further improve the economic viability 
of the AD plants. First of all, they are plentiful in nature and for example in 
EU-28 more than 200*106 Ha of grasslands, meadows and agricultural areas 
are available for exploitation (Faostat, 2016). As a result of their abundance, 
the lignocellulosic residues are additionally considered as a cheap biomass 
source. Nevertheless, the usage for industrial scale applications is still 
narrow. Specifically, their usage is generally connected with limited 
efficiency as their structure and especially, the lignin component acts as a 
physical barrier to the enzymatic attack (Čater et al., 2014; Zeng et al., 2014).  
Therefore, surface disruption is a mandatory action in order to efficiently be 
accomplished the lignocellulose-based AD. Many researchers studied the 
application of different pretreatments in order to boost substrates’ 
biodegradability (Monlau et al., 2013; Taherzadeh and Karimi, 2008; Zheng 
et al., 2014). However, there is still a need of finding or optimizing treatment 
methods, as the existed approaches can be cost-demanding (i.e. milling), time 
consuming (i.e. fungi), have difficulties in full-scale applications (i.e. 
biological treatments) or are associated with the production of inhibitors to 
the AD microbiome (i.e. acid pretreatments) (Hendriks and Zeeman, 2009; 
Kratky and Jirout, 2011; Monlau et al., 2013; Zheng et al., 2014). Hence, the 
problem of lignocellulose deconstruction should be addressed without 
deteriorating the feasibility of AD system. Additionally, deeper insights of 
the microbial populations can provide important knowledge in order to 
improve the overall process efficiency of lignocellulose-based AD.  
1.2 The biogas process 
In the absence of oxygen, a huge variety of organic substrates are 
metabolized mainly into two molecules: methane and carbon dioxide (trace 
amounts of other gases are produced e.g. ammonia, hydrogen, hydrogen 
sulphide). AD is a well-studied process and it is widely known that it is 
dictated by bacteria and archaea (Luo et al., 2015); however, due to 
microbiome’s complexity and interactions among the species, a tremendous 
number of still unexplored microbes is presented in AD systems (Treu et al., 
2016b). This biological process can be quickly categorized in four stages: 
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hydrolysis, acidogenesis, acetogenesis and methanogenesis (Angelidaki et al., 
2011). The specific steps are depicted in Figure 2. 
 
Figure 2. Major steps of AD process accompanied by the more relevant Genome bins 
involved. [Adapted from (Campanaro et al., 2016)] 
 
1.2.1 Hydrolysis 
Organic substrates are mainly consisting of carbohydrates, proteins and 
lipids; macromolecules which in anaerobic environment are initially broken 
down to monosaccharides, amino acids, long chain fatty acids (LCFA) and 
glycerol, respectively. This step is basically an enzymatic process and thus, 
the efficiency is based on the presence and action of hydrolytic and 
fermentative microbes to excrete extracellular enzymes.  
A variety of enzymes are mandatory for the deconstruction of each 
macromolecule. For instance, hydrolytic enzymes (e.g. cellulase, β-
glucosidase, xylanase) or complex enzyme systems (e.g. cellulosome) attack 
on polysaccharides, protease degrade protein and lipase are suitable for lipids 
(Azman et al., 2015; Mshandete et al., 2005).  
4 
The role of individual communities to conduct the initial AD step is widely 
studied. For instance, lipids are degraded by anaerobic lipolytic microbes 
(Angelidaki et al., 1999) and more specifically, species belonging to genus 
Clostridium are able to hydrolyse this energy rich fraction into glycerol and 
LCFA (Cirne et al., 2006). Secondly, the proteolytic activities are equally 
important for the deconstruction of recalcitrant substrates. For example, 
species similar to Coprothermobacter proteolyticus are highly involved in the 
synthesis of extracellular proteases (Lü et al., 2014). Furthermore, their 
presence and role is also connected with the degradation of polysaccharides. 
Specifically, these genera are known to interact with members of high 
cellulolytic activity (Lü et al., 2014a). Our recent study validated the co-
presence of Clostridium thermocellum strains along with C. proteolyticus on 
lignocellulose-based AD (Paper IV).  
Interestingly, lately research on AD microbiome revealed that hydrolysis is 
mediated by a markedly increased amount of Genome Bins (microorganisms) 
compared to the following steps of biogas production (Campanaro et al., 
2016). Results showed, that a diversity of microbes originated from different 
phyla act and interact together in order to accomplish polymers’ breakdown ; 
thus, further investigation is majorly needed in order to decipher the specific 
roles and relationship among the biogas members. 
In AD systems fed with lignocellulosic substrates, hydrolysis is considered to 
be the rate-limiting step (Sträuber et al., 2012), due to the presence of lignin 
which forms, along with cellulose and hemicellulose units, a rigid three-
dimensional complex. This physical barrier protects the biomass from the 
enzymatic attack. Thus, the existence of microbes with augmented cellulytic 
activity is mandatory for an efficient decomposition.  
1.2.2 Acidogenesis  
The hydrolysed products of the long macromolecules are subjected to the 
fermentation step following different metabolic pathways to produce volatile 
fatty acids (VFA), hydrogen, carbon dioxide and alcohols. In the second step, 
sugars and amino acids are the major substrates. Results of glycerol 
fermentation are propionate production and biomass generation (Angelidaki 
et al., 1999): 
C57H104O6 + 3H2O → C3H8O3 + 3C18H34O2               (1) 
A coupled oxidation-reduction reaction is occurring in pairs for amino acids 
acidogenic fermentation releasing NH3 (Angelidaki et al., 2011). In the so-
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called Stickland reaction, different amino acids act either as an electron donor 
or as an electron acceptor. Although, uncoupled acidogenic conversion can 
also occurr for amino acids, as for example the glutamate degradation 
(Buckel, 2001) or when hydrogen partial pressure is low and energetics are 
appropriate (Stams, 1994). 
Hydrolysed sugars are transformed through the Emben–Meyerhof–Parnas 
(EMP) or Entner Doudoroff (ED) pathway (Angelidaki et al., 2011). Lactate 
and propionate are produced through EMP pathway. Acetate, butyrate and 
caproate are fermented through acetyl-CoA. In contrast to amino acids, 
glucose can act both as electron acceptor for oxidation (e.g. acetate) and 
donor for reduction (e.g. propionate, ethanol etc.). Fermentative strains of 
glucose have branched metabolisms. Thus, they can metabolise the available 
monosaccharide through different pathways leading to different amounts of 
energy and products. Different glucose fermentation products (i.e. acetate, 
propionate, butyrate, lactate, ethanol) are presented below (Schink, 1997; 
Thauer et al., 1977): 
C6H12O6 + 2H2O → 2CH3COOH + 2CO2 + 4H2             (2) 
3C6H12O6 → 4CH3CH2COOH + 2CH3COOH + 2CO2 + 2H2O        (3) 
C6H12O6 → CH3CH2CH2COOH + 2CO2 + 2H2              (4) 
C6H12O6 → 2CH3CHOHCOOH                   (5) 
C6H12O6 → 2CH3CH2OH + 2CO2                   (6) 
Regarding the microbial consortium responsible for the mediation of 
acidogenesis, fermentative microbes can be found among different phyla. 
However, Firmicutes are deciphered to be dominant in biogas microbiome 
(Treu et al., 2016b); hence, there is a variety of members belong to this 
phylum that are able to degrade oligosaccharides into the aforementioned 
products. Some examples could be found in microbes similar to Clostridium 
propionicum for propionate (Buckel, 2001), Clostridium thermocellum for 
acetate and ethanol (Lamed et al., 1988), Clostridium butyricum for butyrate 
(Schink, 1997) or Lactobacillus species for lactate production (De Francisci 
et al., 2015). Process characteristics, as pH, feedstock composition and 
hydrogen pressures significantly influence the biogas microbiome (Rodriguez 
et al., 2006). Thus, it is clear that the specific microbial community differs 
among the various AD systems. 
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1.2.3 Acetogenesis 
During acetogenesis, acetate is formed by different microbial members, either 
the hydrogen-producing acetogens or the hydrogen-utilizing acetogens. The 
products of acidogenesis (i.e. VFA and alcohols) are utilized by hydrogen-
producing acetogens, using carbon dioxide and hydrogen ions as electron 
acceptors (e.g. Syntrophomonas wolfei). This bioconversion process is not 
exergonic and thus, a syntrophic relationship with methanogens is mandatory 
to maintain the H2 partial pressure low for acetogenic reactions to be 
energetic favourable (Treu et al., 2016a). For instance, acetogens and 
methanogenic archaea should co-operate for the degradation of propionate 
and butyrate which are oxidized through the methyl-malonyl-CoA pathway 
producing acetate, H2 and CO2 (De Bok et al., 2004) and through β-oxidation 
to acetate (Batstone et al., 2003), respectively. The share of available energy 
during the syntrophic fermentation is crucial (Kougias et al., 2016). 
Additionally, sulphate reducers consume hydrogen and improve hydrogen 
concentrations for the acetogenesis process. On the other hand, hydrogen-
utilizing acetogens (e.g. Acetobacterium sp.) use the acetyl-CoA pathway to 
form acetate by the reduction of CO2 (Drake, 1994). These microbial 
members compete with the hydrogenotrophic methanogens for the utilization 
of hydrogen, methanol and formate (Batstone et al., 2006). 
Moreover, acetate and hydrogen is also produced from lipids decomposition, 
as the LCFA undergo to β-oxidation (Kim et al., 2004; Treu et al., 2016a): 
CH3(CH2)nCOOH + 2H2O → CH3(CH2)n-2COOH + CH3COOH + 2H2      (7) 
Strains playing important roles in acetogenesis process can be found among 
various strains; for example, Clostridium, Lactobacillus, Bacillus and 
Bacteroides are markedly involved in this step (Snell-Castro et al., 2005). 
1.2.4 Methanogenesis 
Methanogenesis is the last step of AD, in which the strict anaerobic 
methanogenic archaea convert mainly acetate and H2/CO2 to CH4 and CO2; 
however, to less extent, substrates as formate, methyl and alcohols are also 
used (Schink, 1997; Stams, 1994). The larger portion of methane is derived 
from the conversion of acetate and the rest is primarily produced from 
H2/CO2 and formate (Angelidaki et al., 2011). Extended methane production 
can be conducted via the hydrogenotrophic pathway based on process 
characteristics (i.e. temperature, feedstock characteristics etc.) (Campanaro et 
al., 2016; Wirth et al., 2012).  
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The aceticlastic and syntrophic acetate oxidation (SAO) are the two potential 
pathways for methanogenesis consuming acetate. In the first pathway, the 
aceticlastic methanogens consume acetate and produce methane and carbon 
dioxide (Angelidaki et al., 2011):   
CH3COO- + H2O → CH4+HCO3-      ∆G0΄=-31.0 kJ/mol       (8) 
Regarding the SAO pathway, initially, the syntrophic acetate oxidation 
bacteria (SAOB) convert acetate into hydrogen and carbon dioxide and 
subsequently, these products are taken from hydrogenotrophic methanogens 
and convert them to methane (Kougias et al., 2016; Zinder and Koch, 1984): 
CH3COO- + 4H2O → 2HCO3- +4H2 + H+   ∆G0΄=+104.6 kJ/mol         (9) 
4H2 + HCO3- + H+ → CH4 + 3H2O     ∆G0΄=-135.6 kJ/mol          (10) 
Methanosarcinaceae spp. and Methanosaetaceae spp. are able to perform the 
aceticlastic methanogenesis (Fotidis et al., 2013). Conversely, SAOB can 
perform the reverse Wood-Ljungdahl pathway followed by hydrogenotrophic 
methanogens Methanomicrobiales spp., Methanobacteriales spp. and 
Methanococcales spp. (Campanaro et al., 2016; Karakashev et al., 2006). 
1.3 Objectives and thesis structure 
1.3.1 Specific objectives 
The main objective of this PhD study was to improve the sustainability of 
lignocellulose-based biogas production applying a variety of treatment 
methods on fresh and ensiled meadow grass, regularly cultivated ensiled 
grass, digested manure fibers and wheat straw. Thus, mechanical and 
chemical pretreatments, microaeration and bioaugmentation with hydrolytic 
bacteria were elucidated as solutions to improve the biogas production. 
Specific objectives were: 
 Explore the existence of analytical methods able to be used as BMP 
prediction tools. 
 Characterize the chemical composition of lignocellulosic substrates and 
identify alterations among species. 
 Apply different mechanical pretreatment methods using shearing forces on 
grass biodegradability. 
 Evaluate various co-digestion mixtures of grass silage and livestock 
manures in order to boost the methane production of agricultural residues. 
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 Examine the effect of implementing mechanical pretreatment at the 
harvesting step at industrial scale applications. 
 Assess if the combination of two overall process steps (i.e. harvesting and 
pretreatment) can lead to positive energy balance for a sustainable grass-
based biogas production. 
 Evaluate mechanical and thermal alkaline pretreatment methods on 
partially degraded manure fibers in order to boost the energy output. 
 Test microaeration as a tool to boost lignocellulose deconstruction and 
subsequently, improve methane production. 
 Define differences among the microbiome of manure mono-digestion and 
the unattached or firmly attached communities of reactors co-digesting 
manure and grass silage. 
 Elucidate the bioaugmentation with hydrolytic microbes to increase the 
methane productivity of agricultural residues. 
 Define the changes in microbial communities before and after the 
bioaugmentation. 
1.3.2 Structure of the thesis 
In Chapter 2, the main chemical components of lignocellulosic substrates are 
presented. Additionally, advantages and limitations of selected 
physicochemical methods to predict the methane production are highlighted.  
In Chapter 3, diverse strategies to increase the bioconversion of ensiled grass 
and digested manure fibers are investigated. Co-digestion strategies, 
mechanical and thermal alkaline pretreatments are investigated under lab and 
full-scale applications. 
In Chapter 4, the injection of limited amounts of oxygen is examined into AD 
reactors filled with a mixture of inocula, containing obligate and facultative 
anaerobic microorganisms. Diverse micro-aeration strategies are noted. 
In Chapter 5, the changes on microbial diversity and dynamicity of co-
digestion reactors are highlighted. Moreover, the idea of bioaugmentation 
with hydrolytic strains to improve the biodegradability of lignocellulosic 
substrates is presented. Different bioaugmentation approaches are followed 
based on strains’ characteristics. Conclusions and future perspectives follow. 
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2 Lignocellulosic substrates 
Biofuels represent a potential solution to decrease the environmental impacts 
derived from petroleum-based energy sources (Chandra et al., 2012a). 
Feedstocks for biofuels are available in aquaculture, forestry, agricultural-, 
industrial- and domestic- sectors (Cherubini, 2010); and among these material 
sources, lignocellulosic biomass is an abundantly available carbon-rich and 
land-based feedstock, which can improve the independency on gas and oil 
(Pickett et al., 2008).  
Valorisation of plant material for biogas production gained increased 
attention during the last decades as it is energetically more efficient 
compared to alternatively liquid biofuels (Frigon and Guiot, 2010; Samson et 
al., 2008). A variety of lignocellulosic materials is already examined as input 
streams into biogas reactors (e.g. energy crops, silages or fresh biomass, 
straw etc.). However, bioenergy purposes should not deteriorate the battle for 
land usage, as the increased demand for food production is worldwide 
acknowledged. Hence, only the wastes and residues are currently considered 
as suitable solution for AD and in this framework, huge amounts of fibrous 
leftovers are available for exploitation (Guerriero et al., 2016). 
The major fractions of lignocellulosic biomass are cellulose, hemicellulose 
and lignin corresponding to approximately 90% of the total dry matter 
(Figure 3). Apart from the three major components, some other compounds as 
ash, pectin and proteins are also presented in smaller amounts. Table 1 
presents the major chemical characteristics of the used lignocellulosic 
substrates. 
Table 1. Main chemical characteristics of the examined lignocellulosic biomasses 
Biomass Glucan, 
%TS 
Xylan, 
%TS 
Arabinan, 
%TS 
Lignin, 
%TS 
TKN, 
%TS 
C:N 
Ensiled Meadow grass 27.4±6.4 16.0±4.5 3.2±0.8 23.1±6.4 1.9±0.2 22.5±2.8 
Ensiled Cultivated grass 31.2±3.2 13.1±1.4 4.1±0.5 9.3±3.5 2.9±0.2 13.6±0.4 
Wheat straw 42.0±0.7 27.9±0.4 2.8±0.1 26.7±2.4 0.4±0.1 103.0±4.8 
Digested manure fibers 22.6±0.1 10.9±0.1 0.8±0.0 31.2±0.7 0.9±0.0 45.0±2.3 
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Figure 3. Structure of lignocellulose. [Adapted from (Rubin, 2008)] 
2.1 Chemical composition 
2.1.1 Cellulose 
The major component of lignocellulose cell walls representing 17-50% of the 
total organic matter is the cellulose polymer (Gnansounou and Dauriat, 2010; 
Mutschlechner et al., 2015). It is a linear polysaccharide joined by D-glucose 
subunits, linked by β-1,4-glycosidic linkages (Fengel and Wegener, 1984). 
The biopolymers are linked by hydrogen bonds and van der Waals 
interactions, resulting in packed and non-soluble microfibrils (Guerriero et 
al., 2016). The hydrophobic surface of crystalline cellulose increases the 
resistance of plant cell wall to the microbial attack (Jørgensen et al., 2007). 
The anaerobic depolymerization of cellulose is conducted by hydrolytic 
bacteria and fungi strains, which produce cellulolytic enzymes in order to 
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degrade the polymer into cellobiose and glucose units (Gnansounou and 
Dauriat, 2010; Procházka et al., 2012).  
2.1.2 Hemicellulose 
In contrast to cellulose, hemicellulose is not entirely consisted of one 
monosaccharide. A variety of C6 sugars (e.g. D-glucose, D-mannose, D-
galactose, L-rhamnose), C5 sugars (e.g. D-xylose, D-arabinose) and sugar 
acids (e.g. D-glucuronic acid, 4-O-methyl-D-glucuronic acid) are the 
dominant polymers (Hendriks and Zeeman, 2009; Straathof, 2014; Zheng et 
al., 2014). Due to increased heterogeneity, a broad variety of enzymes are 
needed to conduct hemicellulose breakdown (Azman et al., 2015). However, 
characteristics as the short length, low molecular weight and amorphous 
shape make hemicellulose units the easiest hydrolysed components compared 
to cellulose and lignin (Fengel and Wegener, 1984).   
2.1.3 Lignin 
The most abundant non-polysaccharide organic matter and commonly the 
second most abundant organic polymer in lignocellulosic biomass is the 
lignin fraction (Jørgensen et al., 2007; Zheng et al., 2014). It is a complex 
aromatic and hydrophobic network consisted of phenylpropane monomers 
(e.g. p-coumaryl, coniferyl and sinapyl alcohol) linked by alkyl-aryl, alkyl-
alkyl, and aryl-aryl ether bonds into a three-dimensional structure (Kumar et 
al., 2009; Rubin, 2008). This amorphous heteropolymer cross-links among 
polysaccharides and creates an impermeable and resistant structure acting as 
the main barrier for biomass deconstruction. Although its oligomeric and 
polymeric components can be partially degraded under anaerobic conditions, 
lignin is generally considered as the non-degradable organic matter in organic 
wastes (Angelidaki and Sanders, 2004; Monlau et al., 2013). 
2.2 Prediction of methane production 
The methane production of lignocellulosic substrates is significantly affected 
by various parameters as chemical composition, conservation conditions, 
specie variety and stage of development (Dandikas et al., 2015). In this 
context, usage of substrates with low biodegradability will lead to limited 
profitability. Hence, rapid methods which can efficiently predict the methane 
potential of a substrate would be extremely helpful in order to improve the 
selection process of energy rich substrates and subsequently, maximize the 
energy output of full-scale AD plants. 
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For this purpose, physicochemical methods based on biomass’ chemical 
characteristics would be advantageous as they are inexpensive, quick and 
easily applicable. More specifically, the results from the analytical methods 
can be simply correlated using regression analyses with databases of BMP 
values to predict the biogas production. Among the available methods, near 
infrared spectroscopy (NIRS) is lately considered as a highly efficient tool to 
forecast the biomethanation (Triolo et al., 2014). Accordingly, methane 
production of herbaceous phytomass was predicted using partial least squares 
regression with coefficient of determination (R2) equal to 0.93 and residual 
prediction deviation (RPD) of 3.77 (Wahid et al., 2015). Moreover, 
component composition analysis of the biomass can also give an adequate 
approximation of biogas production (Triolo et al., 2011). Taking into account 
the acid detergent lignin and hemicellulose content of various energy crops, a 
multiple linear regression was developed with a promising R2 of 0.83 
(Dandikas et al., 2014). However these methods demand the structural change 
of biomass in powder form; an action that is considered as pretreatment step 
and indeed, positively affects the anaerobic degradation (Kratky and Jirout, 
2011). Hence, a more direct way to predict the biogas yield without affecting 
biomass characteristics is preferable. 
Therefore, electrical conductivity (EC), soluble Chemical Oxygen Demand 
(sCOD) and enzymatic hydrolysis (EH) were evaluated as alternative 
prediction tools of ensiled meadow grass AD (Paper I). However, prediction 
statistics found to be unsatisfactory (i.e. R2=0.39-0.68, RMSEP=29.36-40.38 
and RPD=1.29-1.77). Specifically, these measurements are based on the 
release of different quantities of ions (i.e. EC) and organic matter (i.e. sCOD 
and EH) due to damages on biomass surface (Koegel and Kraus, 1996; 
Lesteur et al., 2010). Thus, they do not take into account the unattached 
molecules such as intact cellulose that will contribute later in the methane 
production. Additionally, the poor calibration statistics can be explained by 
the fact that the substrate was extremely heterogeneous, regarding species 
composition and morphology. The used biomass was originated from 
meadows that were never been plowed and thus, was composed of a huge 
variety of different grass species. Hence, improved homogeneity using only 
one substrate could increase prediction capability. 
AD is a complex process conducted by a complex microbiome and hence, it 
is challenging to predict the capacity of methane production under rapid 
methods. Through these alternative methods, a quick and rough estimation 
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can be achieved. However, the BMP test is still the most suitable way to 
precisely assess the biodegradability of a substrate.  
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3 Pretreatment methods 
Identifying pretreatment methods which are appropriate for lignocellulose-
based AD is of high importance for the feasibility of a biogas plant. 
Pretreatments can be roughly categorized as physical, chemical and 
biological (Zheng et al., 2014). Physical methods intend to improve the 
access to the degradable organic matter by alternating biomass size (Kratky 
and Jirout, 2011). The efficiency of chemical methods is mainly based on the 
characteristic of specific compounds to change the properties of 
lignocellulose’s components (Zheng et al., 2014). Regarding the biological 
pretreatments, the action of selected microbial members is taken into 
advantage in order to improve biomass deconstruction (Čater et al., 2014). 
Hence, a huge variety of pretreatments is available and therefore, there is 
always a need to carefully identify and apply the most appropriate method 
based on the operational characteristics (e.g. feedstock composition, 
temperature, reactor configuration). Table 2 lists a few treatment methods 
that are used to improve the biomethanation process of lignocellulosic 
substrates and comparable of them used in the present PhD thesis.  
Table 2. Applied methods to improve the biodegradability of lignocellulosic substrates. 
Comparable strategies were examined in the present PhD study. 
Methods Substrate Conditions CH4 Increase Reference 
Mechanical pretreatment    
   Milling 
Wheat 
straw 
Size reduction from 5 
to 0.2 cm  
80%  
(Menardo et al., 
2012) 
   Grinding 
Ley crop 
silage 
Size reduction from 1-
16 mm to 0.1- 2.0 mm 
59%  
(Lindmark et al., 
2012) 
Chemical pretreatment    
   Alkaline Biofibers 
6% CaO w/w,  
15 °C, 10 days 
66% 
(Bruni et al., 
2010) 
   Thermal alkaline 
Wheat 
straw 
4% NaOH (g/g TS),  
37 °C, 5 days 
112%  
(Chandra et al., 
2012b) 
Bioaugmentation     
   Clostridium 
   cellulolyticum 
Wheat 
straw 
33% of the working 
volume 
13% 
(Peng et al., 
2014) 
   Pseudobutyrivibrio 
   xylanivorans Mz5
T
 
Brewery 
spent grain 
5% of the total 
volume 
18% 
(Čater et al., 
2015) 
Micro-aeration     
   Oxygen Corn straw 12.5 mLO2/LR/day 17% (Fu et al., 2016) 
   Oxygen 
Sugarcane 
bagasse 
10 mLO2/gVS 17% (Fu et al., 2015) 
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3.1 Mechanical pretreatment 
The mechanical methods are generally accepted to be suitable for full-scale 
applications due to their easiness of application and to the absence of 
inhibitors release (Kratky and Jirout, 2011). Conversely, their drawback 
derives from the increased energy consumption that is often demanded for an 
efficient disintegration (Hidaka et al., 2013; Rodriguez et al., 2016). 
Application of shearing forces is already considered as an effective way to 
disrupt biomass and prepare it for AD (Hartmann et al., 2000). Hence, in 
Paper I the effect of shearing forces was examined using a simple mechanism 
in order to simultaneously macerate and pretreat ensiled meadow grass. The 
commercial available metal plates managed to improve substrate’s 
biodegradability in the range of 8% to 25%. Specifically the combination of 
two mesh grating plates with coarse surface was the most efficient, as 377 ± 
34 mLCH4/gVS were produced by the mechanically pretreated meadow 
silage. The superiority compared to other alternatives was indirectly observed 
by the result on length reduction. In this context, 43% of grass particles had 
average length less than 10 cm. In contrast, after the less efficient 
pretreatment (+8% biogas increase), 45% of total silage samples had average 
length higher than 15 cm. The positive effect was additionally verified from 
Scanning Electron Microscopy (SEM) pictures, in which distinct structural 
damages in silage’s longitudinal direction were observed (Paper I). As a 
result from the aforementioned positive outcomes, the combination of coarse 
metal plates was further investigated in Paper II. 
As a next step, the co-digestion of diverse livestock manures with 
mechanically pretreated ensiled meadow grass, harvested during the late 
stage of development, was examined. The chemical composition of mature 
grass implied higher need for pretreatment, as the plant tissue was 
significantly more lignified (∼30% TS) compared to samples harvested at the 
early development stage (∼15% TS). Mink, poultry and cattle manure were 
examined as co-substrates under different manure to silage VScontribution: 
100:0, 80:20, 60:40, 40:60 and 20:80. Mink manure was favoured by the 
highest silage share in the feedstock (348 ± 45 mLCH4/gVS) compared to its 
limited BMP under mono-digestion (239 ± 5 mLCH4/gVS). Conversely, when 
the share of meadow silage was 40% and 60% in the feedstock, the highest 
methane production was achieved in co-digestion with poultry and cattle 
manure, respectively.  
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It is generally accepted that co-digestion is an efficient way to treat animal 
slurry with organic wastes in full-scale AD with benefits for every substrate 
(Ahring et al., 1992; Yangin-Gomec and Ozturk, 2013). For example, manure 
normally contains low C:N ratio which will be adjusted closer to the optimal 
by the addition of carbon-rich lignocellulose (Nielfa et al., 2015). Also, 
manures are rather diluted samples, affecting negatively the volumetric 
methane production. This obstacle is significantly diminished through co-
digestion with lignocellulosic substrates obtaining a considerably thicker 
feedstock (Møller et al., 2004). In the meantime, livestock manure can assist 
the digester with high buffer capacity and the necessary amount of trace 
elements for long term operation (Thamsiriroj et al., 2012). So, the co-
digestion process can positively affect the biogas production and 
consequently, the feasibility of industrial applications. On this topic, the 
knowledge of feedstock characteristics is crucial to define the optimum 
manure to lignocellulose contribution and achieve the predetermined targets.  
However, due to the intricacy of AD process, the typically performed BMP 
experiments alone do not illustrate reliably the outcomes of full-scale 
applications. Thus, as a next step, continuous lab-scale experiments need to 
be monitored in order to simulate more efficiently the real-life biogas plants. 
Hence, a typical nitrogen rich substrate (i.e. pig manure) was co-digested 
with a relatively high carbon rich substrate (i.e. either untreated or 
mechanically pretreated grass silage) under continuous mode operation 
(Paper IV). Interestingly, the findings of the first two studies were validated 
to some extent. Specifically, the CSTR fed with pretreated biomass had 6.4% 
improved biomethanation (p >0.05) than the untreated operation, confirming 
the positive effect of mechanical pretreatment (Paper I). Accordingly, semi-
continuous trials examining the mono-digestion of grass proved that simply 
decreasing plant’s length had minor effect on methane production (Wall et 
al., 2015). Thus, it can be deduced that the action that positively enhances 
biomass biodegradation is the enhanced surface’s damage by the application 
of frictional forces (Paper I). Moreover, the improved performance due to the 
efficient pretreatment was observed by the rest process characteristics. 
Specifically, the remaining sugars in the effluent and on the other hand, the 
free ammonia concentrations during AD were both decreased. 
The preliminary co-digestion experiment implied that feedstock’s enrichment 
with dissimilar substrates positively affects the biogas production (Paper II). 
Similarly, the addition of untreated and pretreated meadow silage in the 
influent significantly enhanced (p < 0.05) the biogas production by ∼9% and 
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∼16% compared to pig manure mono-digestion, respectively.  Co-digestion is 
accepted as possible solution to counteract ammonia inhibition and enhance 
the bioconversion efficiency (Chen et al., 2008). Hence, the positive effect of 
the co-digestion strategy was presented either with untreated or pretreated 
meadow grass silage. 
Nevertheless, the operation of AD plants fed with livestock manure and 
lignocellulosic substrates is often associated with poor energy output due to 
the limited biodegradation levels. Hence, a substantial amount of organic 
matter is discarded in the post-storage tank (Angelidaki et al., 2005). The 
further exploitation of the remaining biomass can improve the overall 
efficiency. 
In Paper III, the performance of mechanical pretreatments was further 
examined on Digested Manure Fibers (DMF) obtained from the solids 
fraction of AD effluent. The used organic fraction was already undergone an 
initial digestion process and thus, was consisted from hardly degradable 
lignocellulose. Nevertheless, the metal plates significantly affected the 
biodegradability (p < 0.05) under BMP experiments in a range of 15 to 45% 
compared to the untreated DMF (42 ± 8 mLCH4/gVS). Specifically, the usage 
of metal plates covered by sandpaper was connected with the highest methane 
yield (60 ± 10 mLCH4/gVS) and subsequently, this mechanical pretreatment 
method was examined in continuous mode experiments (Figure 4). However, 
the final improvement (+7%) was significantly lower compared to the effect 
in batch assays. This result is comparable to previous findings in the 
literature (8–9.3%) regarding mechanical pretreatments on digested 
lignocellulosic residues (Bruni et al., 2010; Lindner et al., 2015). However, in 
long-term AD, the more desirable operational characteristics compared to 
control reactor (i.e. accumulation of TS and VFA, and limited degradation of 
carbohydrates and VS) indicated the positive impact of applied pretreatment.  
Hence, observations made in this study indicated that despite the limited 
biogas production, mechanical pretreatment can be used as an efficient 
method to maximize the energy output from unconventional substrates.   
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Figure 4. System set up for the AD of mechanically and thermal alkaline pretreated 
digested manure fibers. 
3.2 Chemical pretreatment  
Apart from the mechanical pretreatments that were presented in the previous 
chapter, the chemical pretreatments pose also the ability to succeed in an 
feasible AD (Zheng et al., 2014). Alkaline, acid, wet oxidation, catalysed 
steam-explosion and ionic liquids methods are included in this category. In 
general, the efficiency of these pretreatments is based on the capability of 
chemical compounds to disrupt the lignocellulosic polymers and specifically, 
the most widely studied chemical pretreatments examined the usage of acids 
or bases. 
Acid pretreatments are known to solubilise hemicellulose units and break the 
bonds of lignin structure. However, they do not dissolve lignin and are 
typically applied in high temperature levels and thus, generate inhibitors as 
furfural and hydroxymethylfurfural (HMF) (Zheng et al., 2014). Conversely, 
alkali pretreatments can boost the saponification and induce the disruption of 
lignin-carbohydrate bonds and form less severe inhibitors to methanogenesis 
(Hendriks and Zeeman, 2009). Additionally, the efficacy can be enhanced if 
catalyst’s usage is combined with application of thermal energy and more 
specifically, the thermochemical methods are considered to be among the 
most appropriate for lignocellulose treatment (Biswas et al., 2012).  
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In this context, sodium hydroxide was used in several concentrations and 
temperatures as an alternative method to improve the biodegradability of 
DMF (Paper III). Results obtained in this study showed that the efficiency 
was primarily defined by the concentration of the catalyst; the greater the 
chemical agent, the more promising the biomethanation. Thus, the highest 
methane yield was achieved using either 6% NaOH – 55 °C (168 ± 9 
mLCH4/gVS) or 6% NaOH – 121 °C (173 ± 34 mLCH4/gVS) under batch 
assays. Beyond the very promising findings, questions still can be raised 
about the result of alkaline pretreatment in a more realistic application, due to 
the limited knowledge on continuous reactor operation (Angelidaki and 
Ahring, 2000; Sambusiti et al., 2013). Interestingly, CSTRs monitoring 
revealed that 4% NaOH – 121 °C affected the biomethanation (+25%) in 
similar level with the highest catalyst dosage (+26%). Additionally, no 
process inhibition was defined by the augmented sodium concentration (Chen 
et al., 2008). 
3.3 Integration of mechanical pretreatment at 
harvesting  
As a continuation of the lab scale experiments the perspective of applying 
shearing forces was assessed in full-scale practices. The reduction of supply 
chain steps could potentially improve the energy balance of the overall AD 
process. Thus, the hypothesis of integrating the mechanical pretreatment into 
harvesting step was examined. 
Within the framework of the present study, three commercially available 
machines were examined as means of mainly improving the energy output per 
hectare and affecting kinetics parameters (Paper V). Based on literature, two 
suitable machines were used (i.e. Disc-mower and a Chopper) to harvest non-
cultivated fields (Boscaro et al., 2015). Additionally, a developed model of 
Disc-mower, named as "Excoriator", equipped with a number of rough barbs 
was elucidated, simulating the mechanism of the coarse metal plates (Paper 
I). 
Results showed that the Excoriator significantly promoted (p < 0.05) the 
bioenergy production by approximately 20% compared to Disc-mower, which 
did not provoke any damage to the grass surface. Promising results were also 
presented through chopping, as the methane production was augmented by 
11%. The positive effect of harvesters was initially observed by the increased 
dry matter measurements compared to the untreated fresh grass. Accordingly, 
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a feedstock with higher solids content can lead in side benefits to the overall 
process, as the transportation and logistics costs will be decreased due to the 
partially drying of the biomass (Gunnarsson et al., 2008).  
Furthermore, more than 90% of the final methane yield was produced until 
the 15th incubation day, which is particularly interesting as a typical AD 
plant is operated with similar or longer hydraulic retention time (HRT) 
(Karakashev et al., 2005). In conjunction with the increased biomethanation, 
Excoriator’s superiority was also observed through the kinetic modelling. 
More specifically, reduction of lag phase and increase of methane production 
rate were favoured by the most modern harvesting technology (Paper V). 
Indeed, the lignocellulose-based AD is a time consuming process and in this 
concept, the examined machinery showed to be capable of diminishing the 
demanded time frame.  
Biogas utilization using either a CHP unit (i.e. electrical and thermal energy 
generation) or an upgrading unit for biomethane production (i.e. transport 
fuel or injection into the gas grid) are the most widely applied pathways to 
improve the independence from fossil fuels. In this context, the potential 
energy output due to harvesting with the alternative machines was calculated. 
In the developed case study, the Danish grasslands were selected as the 
reference area (i.e. 229*103 ha). In fact, the Excoriator treatment could 
annually boost the energy generation with extra 16 million m3 CH4 or 
alternatively, 8 kt crude oil equivalents (COE) compared to harvesting with a 
classical Disc-mower (Paper V). 
Also, a further detailed assessment was conducted focusing on the efficiency 
of harvesting machines to improve the energy balance (Paper VI). Different 
types of silages, mowed on different vegetation stages revealed quite similar 
results on the biomethanation process. During full-scale trials, high 
biomethanation was achieved for both harvesting machines mowing different 
types of grass (298-372 mLCH4/gVS). The values are in the range of previous 
studies examining similar substrates (Lehtomäki and Björnsson, 2006; 
Mähnert et al., 2005; Raju et al., 2011; Søndergaard et al., 2015), indicating a 
well-performing AD process. In fact, the biodegradability of meadow and 
regularly cultivated grass was increased up to 10%, due to the shearing forces 
of Excoriator. In comparison to this result, different models of commercially 
available harvesters lead to similar effect in AD process, increasing the 
biogas yield up to 13% (Herrmann et al., 2012a). 
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Among the overall aims of the present PhD study was to define applicable 
solutions in real life that can reduce the energy loss. On this topic, the 
preliminary technical analysis revealed that the energy output can be 
optimized using the prototype harvester equipped with the set of a rotating 
drum and a fixed shell, both armed with aggressive barbs. Taking into 
account the corresponding energy demand for harvester’s operation per 
hectare and the subsequent, energy produced from AD as input (𝑬𝒊࢔ ) and 
output (𝑬࢕࢛࢚) variables, respectively; it was calculated that the balance can be 
improved by 0.87-1.55 GJ/ha, based on the different harvesting speeds (𝑽) 
(Table 3). However, for the widespread establishment of grass usage in the 
feedstock of full-scale biogas plants, further energy inputs should be 
considered (i.e. ensiling process, storage, transportation to the biogas plant, 
electricity supply and heat demand, operation of biogas plant etc.) to define 
the actual energy benefit. In addition, it would be particularly interesting to 
examine the level that the examined harvesters affect the economic 
profitability of a biogas plant. Similarly, a previous detailed cost and 
revenues assessment of lignocellulose based-AD, including the harvesting 
step, proved that the economics can be improved by the optimal treatment at 
the field (Herrmann et al., 2012b).  
Table 3. Energetic analysis of harvesting machines operated under different conditions 
[Adapted from Paper VI]  
Harvesting 
machine 
𝑽,  
km/h 
𝑬𝒊࢔,  
GJ/ha 
𝑬࢕࢛࢚,  
GJ/ha 
𝑬,  
GJ/ha 
Excoriator 
Effect, GJ/ha 
Disc-mower 20.0 0.03±0.01 15.77±2.09 15.74±2.09  
Excoriator 4.0 0.08±0.01 16.68±2.19 16.60±2.19 0.87±1.00 
Excoriator 7.5 0.06±0.01 16.91±1.28 16.86±1.27 1.12±1.04 
Excoriator 11.0 0.04±0.01 17.34±1.56 17.29±1.56 1.55±1.09 
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4 Impact of micro-aeration 
The delignification of recalcitrant substrates is among the main objectives of 
pretreatments in order to improve the anaerobic degradability. Thus, the 
oxidation of the phenolic skeletal structure of lignin barrier can increase the 
biodegradability. Lignin oxidation occurs in natural environments, for 
example in the compost facilities where fungi or other bacteria excrete 
enzymes (e.g. laccases, peroxidases) to break down the phenolic hydroxyl 
groups (Brown and Chang, 2014; Jurado et al., 2015).  
Hence, the enrichment of AD effluent derived from a biogas plant with 
inoculum obtained from a composting plant was examined as an alternative 
treatment (Paper VII). Indeed, previous findings indicated the positive impact 
of similarly enriched microbiome in lignocellulose-based AD (Scherer and 
Neumann, 2013). However, in our study the mixed inoculum did not 
influence the AD process of wheat straw and the effect on biogas production 
was negligible (+1%) compared to the samples operated with AD effluent as 
sole inoculum type.   
In spite of the non-enhanced biomethanation due to the mixture of inocula in 
the preliminary trials, their combination was further elucidated under micro-
aerobic conditions (Paper VII). Indeed, the introduction of limited amounts of 
oxygen could promote the activities of the aforementioned microorganisms 
that are present in the enriched microbiome.  
Nevertheless, micro-aeration should be carefully applied and controlled in 
AD systems in order to avoid augmented aerobic oxidation of holocellulose 
and on the other hand, do not provoke inhibition to methanogenic archaea 
that are extremely sensitive to oxygen exposure. Hence, diverse micro-
aeration strategies were thoroughly investigated by examining three variables 
in three levels: a) oxygen load (i.e. 5, 10 and 15 mLO2/gVS), b) pulse 
repeatability (i.e. 1, 2 and 3 injections) and c) micro-aeration period (i.e. 1, 2 
and 3 days). During this study, the measurements of pH, sCOD, VFA 
accumulation and finally, methane yield were used as parameters to evaluate 
the effect of the various micro-aeration strategies. 
Although the desired effect of oxygen was initially detected by the 
accumulated acetate content in the micro-aerated samples; finally, 
statistically significant (p > 0.05) enhancements were not observed by means 
of cumulative methane production (Figure 5). The highest increment (+7.2%) 
was achieved by introducing 5 mLO2/gVS by one pulse for 3 days. In 
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contrast, the maximum negative impact (-12.7%) was presented injecting the 
highest the oxygen concentration (i.e. 15 mLO2/gVS) distributed in three 
pulses in the minimum micro-aeration period (i.e. 1 day).  
Among the three variables, the analysis of BMP results indicated that the 
most significant parameter to affect the anaerobic degradation was the 
oxygen load (Paper VII). Moreover, the numerically optimisation study 
suggested an alternative micro-aeration strategy to be followed. The injection 
of 7.3 mLO2/gVS, distributed in equally shared volume and conducted into 
47 hours, was calculated to result in 9.0% higher BMP compared to the non-
aerated wheat straw. Interestingly, Lim and Wang (2013) reached similar 
enhancement by applying micro-aerobic conditions in batch experiments 
using brown water and food waste as substrates. However, their results are 
not directly comparable to ours, as these substrates are more susceptible to 
AD compared to wheat straw and additionally, a different micro-aeration 
strategy was followed. 
 
Figure 5. Methane development plotted against time for batch reactors  digesting untreated 
wheat straw (i.e. 0−0−0) and treated with oxygen addition. The treatments are named with 
the volume of oxygen load (mLO2/gVS) – pulse repeatability − micro-aeration period (i.e. 
5−1−3 and 15−3−1) 
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5 Insights into microbiome of 
lignocellulose based-AD   
Despite the fact that AD systems are known to be consisted of a "core 
microbiome" indispensable for methane production, the majority of biogas 
community is still comprised of unknown microbes at species level (Treu et 
al., 2016b; Tuan et al., 2014). In parallel, and as mentioned above, the 
lignocellulosic residues are commonly co-digested with livestock manure, in 
order to overcome specific obstacles originated from the alternative mono-
digestion of both substrates’ categories. Thus, the deeper exploration of both 
specialized (i.e. during mono-digestion) and enriched (i.e. during co-
digestion) biogas-producing microbiome can markedly contribute to achieve 
the target of increased efficiency of AD systems.  
Regarding the decomposition of lignocellulosic substrates, the knowledge 
about the development and distribution of bacterial and archaeal genera, in 
both solid and liquid phase of a biogas reactor, can significantly fill gaps in 
the literature. Thus, unassembled shotgun genomic sequences analysis was 
performed in AD reactors operating with pig manure and lignocellulosic 
silage, to reveal differences based on feedstock composition (i.e. mono-
digestion against co-digestion) and distribution in the reactor (i.e. firmly 
against loosely attached microbes to lignocellulose) (Paper IV).  
Subsequently, findings from the comparative metagenomic analysis could 
indicate the most important members for the deconstruction of lignocellulosic 
materials. Hence, inoculating selected microbes into lignocellulose-based 
biogas reactors could contribute on the further improvement of 
biomethanation process. Thus, bioaugmentation with selected hydrolytic 
strains was applied in the co-digestion of cattle manure with wheat straw 
(Paper VIII). The microbial changes prior and after bioaugmentation were 
assessed using 16S rRNA gene sequencing analysis. The results of both next 
generation sequencing analyses are presented in the following subchapters.  
5.1 Development of microbial communities  
Based on previous phylogenetic assignments, Firmicutes and Proteobacteria 
are among the most abundant phyla in manure based-AD systems (Bassani et 
al., 2015); result that was also revealed in our study (Paper IV). Firmicutes 
are extremely important for the degradation of lignocellulosic biomass, as 
species belonging to this phylum are well-known producers of either multiple 
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cellulolytic enzymes or cellulosome complex, utilized for adhesion and 
enzymatic purposes (Treu et al., 2016b). Indeed, the most abundant microbes 
firmly attached at the solid fractions were species similar to Clostridium 
thermocellum (Paper IV). Similarly, Clostridia species were previously found 
adherent to lignocellulosic fibers (Wang et al., 2010). More specifically, the 
abundance of strains related to C. thermocellum is originated from the 
existence of a specific type of module, the cellulose-binding domain 
responsible to anchor the cells at the cellulose polymers (Lamed et al., 1983; 
Shimon et al., 2000). Moreover, microbes similar to Coprothermobacter 
proteolyticus strains were also predominant at the same samples. Specifically, 
C. proteolyticus are known for the utilization of extracellular proteinaceous 
compounds and additionally, are useful for lignocellulose’s deconstruction 
due to their abundant expression of glycoside hydrolase enzyme (Lü et al., 
2014a). On the other hand, they are notable hydrogen producers and thus, 
their presence could establish an syntrophic association with 
hydrogenotrophic archaea (Lü et al., 2014b). 
In contrast to the hydrolytic microbes, the majority of methanogenic 
population was mainly observed at the liquid samples of both mono- and co-
digestion experiments (Paper IV). For example, only few members of 
Methanosarcina found to be abundant at the solid phase, probably being 
capable of inhabiting the biofilm around the polysaccharides (Song et al., 
2005; Wang et al., 2010). However, clear differences were also revealed 
about the archaeal populations between mono- and co-digestion trials. 
Specifically, it is well-known that the composition of methanogenic 
communities is affected by the operational characteristics (i.e. feedstock, 
temperature) (Luo et al., 2016). For instance, the acetoclastic methanogens 
are more sensitive to inhibition compared to hydrogenotrophic methanogens 
during the AD of ammonia rich substrates (Fotidis et al., 2014). Hence, the 
archaeal diversity is significantly affected in the presence of nitrogenous 
compounds. Accordingly, various Methanothermobacter species were found 
in increased abundance in the mono-digestion of swine manure under 
thermophilic conditions (Tuan et al., 2014; Paper IV). Moreover, 
hydrogenotrophic archaea of the genera Methanoculleus, which are 
commonly dominant in AD systems operating with livestock manure 
(Campanaro et al., 2016; Treu et al., 2016b), revealed to be more abundant in 
the co-digestion compared to mono-digestion trials (∼2.7 folds). Their 
dominance could have been favoured by the abundance of C. thermocellum 
providing the appropriate feedstock to the observed Methanoculleus 
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marisnigri (Schlüter et al., 2008). However, versatile acetoclastic 
methanogens of the order Methanosarcinales, which were dominant at the 
solid lignocellulosic residues, could also favoured by the abundance of 
Clostridium genera (Fournier and Gogarten, 2008).  
5.2  Bioaugmentation as a tool to improve 
process efficiency 
In a well-performing biogas process treating agricultural wastes (e.g. 
livestock manure, lignocellulosic residues), the microbial community is 
composed of specific bacterial and archaeal genera; and as already 
mentioned, the "core microbial consortium" exists independently from the 
operational characteristics (e.g. temperature, feedstock composition, organic 
load) under steady state conditions. However, the AD process is known to be 
sensitive to process imbalances (e.g. temperature fluctuation, organic 
overload) and thus, the digesters are not always working under optimal 
steady-state conditions. For instance, problems can periodically occur in 
biogas plants (e.g. ammonia inhibition, VFA and solids accumulation), 
stressing or inhibiting specific members of the microbiome leading to a 
dramatically deteriorated profitability. 
In this topic, the inoculation with suitable microbes is considered as a 
common solution in order to utilize their beneficial properties and thus, 
prevent or overcome the instabilities. The bioaugmentation with bacterial 
and/or archaeal strains aims to favour the action of selected strains and/or 
shift the digester towards specific metabolic pathways. However, despite the 
positive results that were observed through bioaugmentation with either 
bacterial (Čater et al., 2015) or archaeal strains (Fotidis et al., 2014), it is still 
unclear whether it is necessary to bioaugment a reactor with specific strains 
as the result is not always successful (Nielsen et al., 2007). In this concept, 
the need for bioaugmentation is still questionable, as a conflict opinion exists 
in the scientific community claiming that the microbiome will finally adapt in 
the system despite the suboptimal conditions and subsequently, result in 
adequate process efficiency (Chen et al., 2008).  
In terms of lignocellulose based-AD, the bioaugmentation with hydrolytic 
pure or mixed cultures is considered as a potential way to improve 
lignocellulose’s depolymerization and subsequently, methane production 
(Čater et al., 2015; Martin-Ryals et al., 2015; Peng et al., 2014). 
Nevertheless, a robust and reproducible method for bioaugmentation does not 
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exist and thus, there is always a risk of failure. For example, insufficient 
adaptation of the inoculated strain, competition with existing microbiome and 
not adequate bioaugmented volume to prevent washout, are among the most 
commonly detected reasons of process failure.  
Therefore, the bioaugmentation with hydrolytic microbes was tested in the 
current study under different approaches (Paper VIII). As it was introduced 
above (Chapter 5.1), C. thermocellum is among the most prevalent of known 
anaerobic hydrolytic microbes. Hence, the typically abundant cellulolytic 
strain was examined under co-digestion experiments of cattle manure with 
wheat straw, in different manure to lignocellulose ratio on VSbasis: a) 90:10 
and b) 85:15. In contrast to the predominant in AD systems C. thermocellum, 
a generally scarce and also, never found in biogas process microbe was 
examined. Specifically, the facultative anaerobic strain of Melioribacter 
roseus was inoculated as the alternative cellulytic culture (Podosokorskaya et 
al., 2013). Accordingly, it has been proved that the excretion of hydrolytic 
enzymes is more intense in the presence of oxygen compared to obligate 
anaerobic conditions (Lim and Wang, 2013). Thus, it is implied that the 
bioaugmentation of facultative anaerobic bacteria with verified cellulolytic 
characteristics could lead to beneficial effects. In this concept, M. roseus was 
initially examined under strictly anaerobic environment and subsequently, 
under microaerobic conditions to thoroughly assess the efficiency of the 
bioaugmented microorganisms.  
5.2.1 Effect on biochemical process characteristics 
The results of both BMP and CSTR experiments demonstrated the efficient 
cellulolytic properties of C. thermocellum (Paper VIII). In fact, the 
replacement of 20% of the inoculum volume with the hydrolytic strain lead to 
significant yields’ enhancement (p < 0.05) up to 34% and 16% compared to 
mono-digestion of wheat straw and co-digestion with cattle manure, 
respectively. In contrast, batch assays bioaugmented with M. roseus reached 
markedly limited increase, 11% and 8% (p > 0.05) respectively. The 
superiority of C. thermocellum was also observed from the more desirable 
kinetic parameters (i.e. lower lag phase and higher CH4 rate). The BMP 
experiments are monitored in a closed system without the possibility of 
washout and thus, it was assumed that the critical biomass of C. 
thermocellum was enough in order to promote the biogas production (Fotidis 
et al., 2014). Conversely, the poor efficiency of M. roseus can be attributed to 
various reasons, as for example the limited acclimatization of the strain to the 
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new environment due to suboptimal operational conditions or competition 
with indigenous microbiome. 
Distinct differences on the performance of inoculated microbes were 
observed also by monitoring the continuous mode experiment (Figure 6). In 
fact, a remarkable efficiency of C. thermocellum was observed during both 
bioaugmentation periods reaching extraordinarily higher methane production 
up to 33% (p < 0.05), compared to non-bioaugmented period (Paper VIII). 
However, in the long run, the effect on the productivity was insignificant 
higher (p > 0.05) or in other words, approximately 7% increase was achieved 
in both co-digestion strategies. In contrast, the examination of M. roseus had 
no positive impact during both bioaugmentation and steady state periods. 
Apart from the negligible result on steady state conditions, it was also notable 
that the yield was deteriorated during the second bioaugmentation period with 
M. roseus under microaerobic conditions. In parallel, the performance of 
control reactor was also slightly worsened which can probably be attributed 
to the sensitivity of the archaeal community to the oxygen exposure (Botheju 
and Bakke, 2011; Jarrell, 1985). The extended adverse impact on the 
bioaugmented reactor showed that the facultative anaerobic inoculated 
bacterium could not adapt properly in the biogas reactor.  
 
Figure 6. System set up for the bioaugmentation with hydrolytic microbes during the co-
digestion of wheat straw with cattle manure.  
5.2.2 Effect on bacterial and archaeal communities  
The shifts of bioaugmentation on microbial populations were revealed 
targeting the 16S rRNA gene by metagenomic analysis (Paper VIII). Samples 
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were taken from distinctly separated experimental phases in order to define 
the level that the various bioaugmentation strategies can affect the 
microbiome. 
Regarding the bioaugmentation with C. thermocellum, a profound 
establishment of the inoculated strain was not revealed at species level. 
However, the relative abundance of a Clostridium genus was marginally 
increased after both bioaugmentation periods. Hence, improvements are still 
needed in order to succeed a more efficient cohabitation of the strain into 
biogas microbiome and subsequently, maintain the needed critical biomass 
(Fotidis et al., 2014). Additionally, the rest members of the AD community 
were not significantly affected due to bioaugmentation and generally, small 
changes in relative abundances were revealed (Paper VIII). 
Likewise, strains similar to M. roseus were not found after the alternative 
bioaugmentation strategies, operated under strictly anaerobic and micro-
aerobic conditions. Due to the fact that microbes related to M. roseus were 
never detected before in a biogas reactor (Azman et al., 2015) in combination 
with their total absence into microbial samples, it is implied that their 
residence along with the indigenous AD microbiota is very challenging. The 
poor acclimation could be attributed to predation or competition with the 
existing communities or non-ideal environmental conditions for their growth 
(Herrero and Stuckey, 2015).  
In summary, despite the positive effect obtained on AD trials from the routine 
inoculation with C. thermocellum, the acclimation during the long term 
operation is still questionable. Hence, more studies are needed in order to 
define the minimum essential volume of inoculated bioculture and also, the 
proper time frame that is needed to conduct the periodically bioaugmentation. 
On the contrary, both bioaugmentation strategies with M. roseus had limited 
efficiency and thus, the usage of the examined strain is not considered as 
alternative solution to increase the biodegradability of lignocellulosic 
substrates. 
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6 Conclusions  
This thesis focused on the optimisation of lignocellulose-based AD, assessing 
a variety of treatment techniques, co-substrates, and process parameters. 
Changes on the bacterial and archaeal communities during AD process were 
considered. The major contributions resulting of this thesis are summarised 
below. 
 Physicochemical methods as EC, sCOD and EH proved to have limited 
applicability in predicting the BMP. 
 Harvesting time and species composition affected markedly the chemical 
composition of lignocellulosic residues. 
 Applying shearing forces on meadow grass as a mechanical pretreatment 
method resulted in improved biodegradability up to 25% in batch assays. 
 The optimum silage to manure ratio in the feedstock is markedly affected 
by the chemical characteristics of livestock manures. 
 In continuous mode operation, the mechanical methods improved the 
overall process in the range of 6-7% treating either digested manure fibers 
or ensiled meadow grass. The thermochemical pretreatment (6% NaOH – 
55 °C) enhanced the methane yield of the biofibers in significantly higher 
level (+26%).  
 The integration of mechanical pretreatment at the harvesting step, using 
an Excoriator as machinery, can improve the energy output of a full-scale 
biogas plant by 10%. Additionally, the methane production rate is 
increased and lag phase is decreased due to the shearing forces. 
 The proper microaeration strategy can improve the biodegradability of 
recalcitrant biomass using a mixture of inocula obtained from the effluent 
stream of biogas plant and a compost facility. Results from digestion trials 
and optimisation case study revealed an increase of 7.2% and 9.0%, 
respectively. 
 Distinct differences were detected between firmly and loosely attached 
microorganisms. The archaeal community was majorly found in liquid 
fraction. Conversely, bacteria were identified also in the solid fraction of 
biogas reactors. Specifically, species similar to C. thermocellum and C. 
proteolyticus were predominantly bounded in digested samples. 
31 
 The bioaugmentation with C. thermocellum boosted remarkably the 
hydrolysis and subsequently, the methane production of wheat straw. The 
examined bioaugmentation method can be periodically applied in a full-
scale biogas plants in order to alleviate solids accumulation. 
 The cohabitation of inoculated hydrolytic strains with the indigenous AD 
microbiota was not fully succeeded. Microbes of the genus Clostridium 
slightly increased their relative abundance. Conversely, strains related to 
M. roseus were not detected in microbial samples. 
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7 Future perspectives  
The present PhD study showed that biomethanation of lignocellulosic 
residues can be increased by the application of different treatment methods. 
To further improve the efficiency of the real-world AD processes the 
following points are suggested: 
 Detailed life cycle assessment (LCA) and cost-benefit analysis of the 
integration of pretreatment during harvesting. Environmental impacts and 
economic balance need to be assessed in order to reveal the actual 
efficiency of lignocellulose based-AD process. 
 Mathematical modelling to simulate the conducted co-digestion 
experiments in order to increase the AD performance. Subsequently, the 
optimal scenarios for full-scale implementations can be suggested with 
respect to critical process parameters (e.g. yields’ improvement and 
instabilities’ avoidance). 
 Optimisation of bioaugmentation with C. thermocellum to define the 
minimum demanding amount of inoculated bacteria. Tests using either 
alternative pure cultures of cellulolytic strains or microbial consortium 
providing metabolic diversity and robustness are also needed. Moreover, 
different reactors configuration (e.g. two-stage CSTR) could improve the 
efficiency of bioaugmentation. 
 Enzymes responsible for lignin degradation are oxygen dependent. Next-
generation sequencing will give a deeper insight in the microbial 
community of micro-aerated AD reactors. Deeper knowledge on oxygen’s 
role at the excretion of enzymes liable for augmented lignocellulose’s 
depolymerization is demanded.  
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